Background and Aims Eosinophils are implicated in the pathogenesis of inflammatory bowel disease (IBD). A subset of IBD patients develops blood eosinophilia, and the clinical profile of these patients is undefined. We sought to characterize IBD patients with and without eosinophilia. Methods We studied a prospective registry of 1,176 IBD patients followed in a tertiary referral center. Patients who developed eosinophilia at any time were identified by electronic medical record query. We performed a chart review case-control study comparing patients with recurrent eosinophilia versus randomly selected disease-matched patients with no history of eosinophilia. Histological analysis was performed on selected cases and controls. Results Eosinophilia at any time was more prevalent in ulcerative colitis (UC) patients than Crohn's disease patients (22.2 versus 12.7 %), as was recurrent eosinophilia (3.4 versus 0.7 %). UC patients with recurrent eosinophilia were predominantly male compared with the control UC population (81.3 versus 46.9 %) and had higher rates of colectomy for either medically refractory disease or dysplasia/cancer than control UC patients (56.3 versus 15.6 %). Primary sclerosing cholangitis (PSC) occurred in 37.5 % of UC patients with recurrent eosinophilia compared with only 3.1 % in the UC controls. Histological analysis of random diagnostic samples from UC patients with recurrent eosinophilia demonstrated a normal eosinophil pattern as seen in the control UC population. Conclusions Eosinophilia-associated UC is a subgroup of IBD associated with severe colitis and PSC. Further studies are warranted to characterize molecular mechanisms underlying eosinophilia-associated UC and to determine optimal approaches for therapy.
Introduction
Eosinophils are granulocytic leukocytes that play a key role in mucosal innate host defense, particularly against helminth infections [1] . Eosinophils promote inflammation via the release of toxic granule proteins and free radicals, as well as the production of multiple proinflammatory mediators such as prostaglandins, leukotrienes, and cytokines. Eosinophils also stimulate adaptive immune responses via antigen presentation and T cell recruitment. Accordingly, eosinophils have been implicated in the pathogenesis of asthma, eosinophilic esophagitis (EoE), and other chronic inflammatory mucosal disorders, including inflammatory bowel disease (IBD) [2] [3] [4] .
Eosinophils are found in excess in IBD, where they are postulated to modulate both tissue injury and repair [5] . Eosinophils originate in bone marrow and migrate predominantly to the gastrointestinal tract under the influence of interleukin-5 and the eotaxin chemokines, all of which are overexpressed in IBD [6, 7] . Eosinophils normally account for only a small proportion of circulating leukocytes. However, blood eosinophilia has been identified as a biomarker of EoE and of distinct asthma subtypes [8, 9] . Blood eosinophilia has also been observed in select cases of IBD, particularly in ulcerative colitis (UC), for which it has been proposed that eosinophilia reflects a unique pathogenesis [10] [11] [12] .
The clinical profile of IBD patients with blood eosinophilia has not been described with respect to treatment specific response, intestinal and extraintestinal complications, and outcomes. Since IBD encompasses a heterogeneous group of inflammatory disorders similar to asthma, we hypothesized that blood eosinophilia identifies a specific subset of IBD patients with distinctive clinical characteristics. Therefore, we sought to define the clinical profile of IBD patients with and without blood eosinophilia from a tertiary care center research registry.
Methods

Selection of Cases and Controls
The study population consisted of patients with either Crohn's disease (CD) or ulcerative colitis (UC) enrolled in the University of Pittsburgh Medical Center (UPMC) Inflammatory Bowel Disease Research Registry from 2000 to 2009. The research registry facilitates retrospective research studies on IBD, as registry participants provide written informed consent to allow analysis of their identifiable medical record information. Enrollment and participation in the research registry was approved by the University of Pittsburgh Institutional Review Board.
The study involved a search of the Medical Archival Retrieval System (MARS) at UPMC, a repository of electronic medical records (EMR). Using UPMC MARS, IBD registry patients were identified who had blood eosinophilia, defined by an absolute eosinophil count (AEC) greater than normal [upper limit of normal, 0.4 9 10 9 /liter (L), as defined by UPMC clinical laboratory], on a complete blood count at any time between 1996 and 2009. To focus our attention on individuals with likely eosinophilia-associated IBD, we sought to find subjects with significant and recurrent eosinophilia and defined cases as IBD patients who had AEC equal to or greater than 0.5 9 10 9 /liter (L) on at least four separate occasions, with at least two episodes occurring four or more weeks apart.
Based on an observed association between eosinophilia and UC, a case-control study of eosinophilia-associated UC (EoUC) was subsequently performed. Control subjects with UC and at least two or more clinic or hospital visits and at least 6 months of follow-up and no history of eosinophilia were randomly selected from the same registry population. Two UC controls were selected for every one EoUC case. No matching strategy was utilized for the cases and controls, as we wanted to use an unbiased approach to better understand the characteristics of patients with UC and eosinophilia. No patients were censored from inclusion in this study, such as patients with history of colectomy who subsequently enrolled into the research registry.
Chart Review
In-depth phenotyping of cases and controls was performed by chart review of all available records in UPMC MARS through 2010 including progress notes, letters, discharge summaries, operative notes, imaging reports, endoscopy reports, and surgical pathology reports. Multiple characteristics were recorded for each case and control subject including age, gender, race, family history of IBD, tobacco history, allergies, extent of disease, surgical and hospitalization history, IBD medication history, extraintestinal manifestations, and other comorbidities. In addition, the clinical scenarios associated with the development of eosinophilia were characterized including disease symptoms, medication changes, preceding surgeries, and concurrent infections.
Histological Evaluation
Original diagnostic hematoxylin and eosin-stained slides from biopsy and surgical material of the study population were analyzed for presence of tissue eosinophils. Eosinophilia was assessed in three compartments in intestinal specimens-epithelium, lamina propria, and muscularis mucosa. Liver specimens were evaluated for eosinophils within the biliary epithelium, portal tracts, and between hepatocytes.
Statistical Analysis
Dichotomous data are expressed as total number and percentages and were compared using Fisher's exact test or chi-square test. Continuous data are expressed as medians (interquartile range, IQR) and were compared using the Mann-Whitney test. All tests were two-sided, and p values less than 0.05 were considered statistically significant. Our next analysis focused on individuals who demonstrated significant and recurrent eosinophilia, defined by an AEC equal to or greater than 0.5 9 10 9 /L on at least four separate occasions, with at least two episodes occurring four or more weeks apart. We identified recurrent eosinophilia in 3.4 % of UC patients (16 out of 468 total UC patients) and 0.7 % of CD patients (5 out of 708 total CD patients), which was significantly more common in the UC cohort compared with CD (p = 0.001; Fisher's exact test). These 16 UC patients with recurrent eosinophilia were designated as having eosinophilia-associated UC (EoUC) and underwent in-depth phenotyping via chart review, and 32 UC patients without any history of blood eosinophilia were randomly selected from the registry to serve as control subjects for a case-control study of EoUC.
Clinical Characteristics of EoUC and Control UC Patients
We found that there was a significant male predominance in the EoUC cohort compared with the UC control population, while there was no difference in age, age at diagnosis, race or smoking history between the two groups ( Table 1) .
EoUC patients tended to have longer duration of disease and significantly greater extent of disease than control UC patients ( Table 2) . EoUC patients had longer duration of follow-up than control UC patients. Although the duration of follow-up in the control group was shorter than in the EoUC cohort, the median duration of follow-up of control UC patients was still 4.2 years, with 87.5 % of control UC patients followed for at least 2 years.
EoUC patients had a more severe disease course as characterized by history of IBD-related hospitalizations, colectomy for a complication or treatment of UC, and steroid therapy. Colectomy was required for medically refractory disease in 43.8 % of EoUC patients and for dysplasia or cancer in 12.5 % of EoUC patients. Colectomy was required for medically refractory disease for only 12.5 % of control UC patients and for dysplasia or cancer for only 3.1 % of control UC patients. We also evaluated the patterns of medical therapy that were used in the EoUC and control UC cohorts. We found that patterns of biologic therapy (i.e., infliximab) and immunomodulators (azathioprine, 6-mercaptopurine, and methotrexate) were similar in the EoUC and control UC cohorts.
Next we evaluated the rates of extraintestinal manifestations of IBD in UC patients with and without recurrent eosinophilia. EoUC and control UC patients had similar low rates of extraintestinal manifestations of IBD such as joint, skin, or eye disease (data not shown). In contrast, EoUC patients had a much higher likelihood of primary sclerosing cholangitis (PSC) than control UC patients (37.5 versus 3.1 %, p = 0.004; Fisher's exact test). One of the EoUC-PSC patients had overlap autoimmune hepatitis (AIH), while another EoUC patient developed distinct AIH in the absence of PSC. There was no history of AIH in the control UC cohort. Three out of the six EoUC-PSC patients and the one EoUC-AIH patient required liver transplantation, including one EoUC-PSC patient who required a second liver transplant for recurrent PSC. Another EoUC-PSC patient developed de novo AIH after liver transplantation. The one control UC-PSC patient also required liver transplantation. Chronic colonic inflammation is associated with the development of dysplasia and cancer in IBD, and we evaluated rates of this neoplastic complication in UC patients with and without eosinophilia. Of EoUC patients, 12.5 % developed colon dysplasia or cancer compared with 6.3 % of control UC patients. PSC is associated with higher rates of colon dysplasia/cancer, but only one of the six EoUC-PSC patients developed colon dysplasia or cancer and the one control UC-PSC patient had no history of colon dysplasia or cancer.
None of the EoUC patients were diagnosed with systemic mastocytosis or hypereosinophilic syndrome (defined by persistent blood eosinophilia C1.5 9 10 9 /L, absence of a secondary cause, and a primary eosinophilic disease), and there were no cases of EoE or other primary eosinophilic gastrointestinal disorders in either group. None of the EoUC patients had a history of asthma, while three of the control UC patients had reported asthma. EoUC and control UC patients had an equal predisposition for drug allergies. In contrast, EoUC patients had a higher reported history of infections, including three cases of Clostridium difficile, one case of cytomegalovirus (CMV), two cases of bacterial pneumonia, one case of line infection, and three cases of intraabdominal abscesses, but no documented parasitic infections. In the control UC cohort, there were one reported case of Clostridium difficile, one case of pneumonia, one case of CMV, and one case of oral candidiasis.
Clinical Scenarios Associated with Eosinophilia in EoUC Patients
To differentiate between disease-related episodes of eosinophilia versus possible confounding agents, we characterized the clinical scenarios associated with 69 distinct episodes of eosinophilia in the 16 EoUC patients, with episodes in the same patient separated by at least a 4-week interval (Table 3) . We found that 13.0 % of the eosinophilia episodes (nine eosinophilia episodes in five EoUC patients) occurred during a known UC flare, including four episodes in one particular patient. Of the eosinophilia episodes, 17.4 % (12 episodes of eosinophilia in 3 EoUC patients) occurred in patients with active PSC. Of the eosinophilia episodes, 21.7 % (15 episodes of eosinophilia in 11 EoUC patients) occurred in the postoperative setting after colectomy, ileostomy takedown, or liver transplantation. Only 1.4 % of eosinophilia episodes occurred during an apparent drug reaction, and 5.8 % of eosinophilia events occurred during a known infection, none of which were parasitic. Thirteen EoUC patients had distinct episodes associated with different known clinical scenarios (i.e., UC or PSC flare, surgery, etc.). The remaining clinical scenarios associated with eosinophilia were unknown because of either deficient medical records and/or absence of any concurrent clinical signs or symptoms.
Histological Evaluation
We sought to determine the extent of intestinal eosinophils in the EoUC cohort by analyzing a random assortment of original diagnostic specimens from 88 % of the EoUC patients. Overall, we found no specific increase or distribution of intestinal eosinophils in the analyzed EoUC specimens compared with the control UC population. Sixty percent of the examined EoUC cases showed eosinophils within the epithelium (greater than 1/100 enterocytes) with the highest amount reaching 20 eosinophils per 100 enterocytes. The cases demonstrating the most severe epithelium infiltration of eosinophils demonstrated only mildly active colitis. The eosinophils within the epithelium were histologically distinct from Paneth cells. All of the cases showed eosinophils within the lamina propria, ranging from 20 % (13 eosinophils per high-power field) of the lamina propria inflammatory cells to 70 % (110 eosinophils per high-power field). Twenty percent of the examined cases showed more than single cells within the muscularis mucosa (ranging from 3 to 20 eosinophils per high-power field). No relationship was identified between the activity level of the colitis and the percent of eosinophils within the lamina propria or the presence of eosinophils within the muscularis mucosa. Surgically resected specimens from two EoUC patients showed eosinophils within the muscularis propria (4-6 eosinophils per high-power field).
No histologic evidence of mast cells or Charcot-Leyden crystals was identified in any of the specimens. Liver specimens from the seven EoUC-PSC patients were also examined for eosinophils. Two of the seven cases showed rare eosinophils within the biliary epithelium. One case did not show eosinophils within the portal tracts, while the other cases showed rare (1-2 eosinophils per highpower field) to occasional eosinophils (5-20 eosinophils per high-power field). Four out of seven cases showed no eosinophils between hepatocytes, while three cases showed single to few eosinophils between hepatocytes. Six out of seven cases had active inflammation, and the amount of neutrophils within the bile duct did not correlate with the few cases with increased tissue eosinophils. Finally, we observed no correlation in the tissue eosinophil pattern in five out of the seven patients who had available intestinal biopsies as well as liver specimens.
Discussion
In this study we evaluated blood eosinophilia in a large cohort of IBD patients and found that eosinophilia was frequently encountered, occurring in 17 % of individuals at any time during the course of their illness. Transient and recurrent eosinophilia was more common in UC compared with CD. More focused analysis of UC patients with recurrent blood eosinophilia compared with UC without eosinophilia revealed: (1) male predominance, (2) more severe disease, and (3) predisposition for PSC. These findings are consistent with prior studies demonstrating an association between eosinophils and UC, and provide novel information suggesting that recurrent blood eosinophilia in UC may function as a biomarker for a phenotype of patients with more complicated intestinal and extraintestinal disease.
UC is considered a secondary eosinophilic gastrointestinal disorder, as blood and tissue eosinophilia is a feature of many cases [1] . In accordance with eosinophil biology, UC has been proposed to be caused by allergic-mediated inflammation. Unlike CD, UC is promoted by CD4 ? T helper 2 (Th2) cells [13] , which modulate atopic disease by producing cytokines that stimulate B cells and promote allergic responses. Consequently, UC lesions are characterized by a significant number of plasma cells, and UC patients have greater than normal levels of circulating and tissue immunoglobulin G (IgG) antibodies [14] .
Early prospective studies of UC demonstrated that approximately one-third of patients with UC have an increase in blood eosinophils during active or relapsing disease [11, 12] . It was postulated that UC may be an allergic disorder in these individuals with eosinophilia given the frequent association with eosinophils and allergic disease. Subsequent studies performed in the UK found that eosinophilia more often occurs in UC patients of Asian descent than in White Caucasians, suggestive of alternative pathogenesis of UC [10] . None of the Asian UC patients demonstrated evidence of intestinal parasites, suggesting that the eosinophilia was an intrinsic immune mechanism in their disease. Our study demonstrates that eosinophilia is also a feature of a distinct cohort of Caucasian UC patients, particularly UC patients with PSC. PSC is a rare and irreversible cause of liver failure, which is characterized by progressive inflammatory destruction of the bile ducts [15] . PSC most often occurs in patients with concomitant IBD, especially in patients with pan-UC, as was the case for all six EoUC-PSC patients identified in our study. Accordingly, PSC is considered an extraintestinal manifestation of UC. Consistent with our findings, blood eosinophilia has been described in numerous cases of PSC, including at the initial presentation of disease [16, 17] . Similar to UC, eosinophilia is more common in Asian PSC patients than PSC patients from Western countries [18] . Asian PSC patients also have a higher incidence of anti-nuclear antibodies, and case reports have described higher levels of serum IgE, indicative of different disease mechanisms for PSC.
Like the EoUC cohort, PSC predominantly affects males. Male preponderance is also a characteristic of EoE [19] . The common association between male preponderance and PSC, EoE, and the EoUC cohort suggests that males are predisposed to eosinophilic-mediated digestive diseases. Fibrosis is another common feature of chronic UC, PSC, and EoE, which has been shown to be promoted by eosinophil-derived transforming growth factor-beta (TGF-b) and eosinophil granule major basic protein, thereby linking eosinophils to disease pathogenesis [3] . Relevant to the chronic inflammatory changes in the colon, UC and PSC are significant risk factors for dysplasia and colon cancer, which were increased in the EoUC cohort compared with the control UC group.
UC patients have greater likelihood of having asthma than the normal population, but otherwise there is no clear link between UC and atopic disease in contrast to EoE [20, 21] . Despite eosinophilia and its association with allergic disease, we did not find a higher frequency of drug allergies or major atopic disease, such as asthma, in the EoUC cohort compared with control UC cohort, nor did we identify any IBD patients with EoE, hypereosinophilic syndrome, or systemic mastocytosis. We did not determine the prevalence of other atopic diseases such as food allergies, allergic rhinitis or eczema due to the limited medical record information. Thus, the overall burden of atopic disease in our study cannot be accurately concluded.
The major limitations of our study are the small sample size and the retrospective design of the data acquisition from chart review. Thus, the possibility of selection bias, information bias, and confounding exists in our study. Selection bias is a concern for our study since the EoUC cohort consisted of more hospitalized patients than the control UC cohort, and consequently EoUC patients had more blood cell counts on average than control UC patients due to differences in level of care. EoUC patients also had a longer duration of follow-up than control UC patients, which further predisposes selection bias. Information bias is another issue in our study, as we were unable to fully characterize the clinical scenarios of all eosinophilic episodes because of incomplete medical records.
To eliminate possible confounders such as drug reactions, parasitic infections, food allergies, and malignancy, we included in our analysis only UC patients who had recurrent eosinophilia. Via this approach, we found that a significant number of eosinophilic episodes were concurrent with active UC or PSC with no other obvious inciting agent such as a new medication, as 31.3 % of EoUC patients had blood eosinophilia during known UC flares, which is similar to previous reports that identified eosinophilia in approximately one-third of UC patients [11, 12] . However, we observed that a greater number of eosinophilic episodes occurred immediately after bowel surgery or liver transplantation, suggestive of a possible confounder such as anesthesia or the surgical intervention itself.
Postoperative elevations in plasma cortisol after colectomy should theoretically suppress blood eosinophilia [22] . Accordingly, blood eosinophilia has never been reported after colectomy or ileostomy takedown for any indication, including IBD, colorectal cancer, and familial adenomatous polyposis. However, blood eosinophilia has been occasionally observed after liver transplantation and has been identified as an early marker of organ rejection [23] [24] [25] . Consistent with this observation, one EoUC-PSC patient developed blood eosinophilia concurrent with known acute hepatic allograft rejection. Thus, postoperative eosinophilia may represent an abnormal immune response in predisposed individuals such as in the EoUC Dig Dis Sci (2013) 58:222-228 227 cohort. The apparent increased risk of infection in EoUC patients may also indicate an attenuated immune reaction against pathogens. Finally, as this was a retrospective study, we were unable to correlate circulating eosinophilia with tissue eosinophilia in the EoUC patients. However, we attempted to assess the extent of intestinal and liver eosinophils in the EoUC cohort by analyzing a random assortment of original diagnostic specimens. In general, we found that there was no specific increase or distribution of tissue eosinophils in the EoUC patients compared with the control UC population, and that the number of eosinophils in the examined intestinal specimens are likely within the normal site-specific range of colonic mucosal eosinophils [26] . Our observations are consistent with earlier prospective studies that demonstrated a rather poor correlation between circulating and tissue eosinophils [12] . These findings suggest that blood eosinophilia is an extraintestinal manifestation of UC independent of bowel disease.
In conclusion, we identified a rare cohort of UC patients with recurrent blood eosinophilia, which correlated with severe disease and a high likelihood of PSC. UC patients with eosinophilia may have a unique immunopathogenic basis for their disease, which underlies refractory chronic inflammation associated with tissue destruction and fibrosis. Thus, prospective studies are warranted to further characterize the natural history and disease mechanisms of EoUC patients in order to determine optimal approaches of therapy. Additional studies are warranted to investigate the clinical profile of PSC patients with and without blood eosinophilia.
